The nucleolus is a distinct sub-cellular compartment structure in the nucleus. First observed more than 200 years ago, the nucleolus is detectable by microscopy in eukaryotic cells and visible during the interphase as a sub-nuclear structure immersed in the nucleoplasm, from which it is not separated from any membrane. A huge number of studies, spanning over a century, have identified ribosome biogenesis as the main function of the nucleolus. Recently, novel functions, independent from ribosome biogenesis, have been proposed by several proteomic, genomic, and functional studies. Several works have confirmed the non-canonical role for nucleoli in regulating important cellular processes including genome stability, cell-cycle control, the cellular senescence, stress responses, and biogenesis of ribonucleoprotein particles (RNPs). Many authors have shown that both canonical and non-canonical functions of the nucleolus are associated with several cancer-related processes. The association between the nucleolus and cancer, first proposed by cytological and histopathological studies showing that the number and shape of nucleoli are commonly altered in almost any type of cancer, has been confirmed at the molecular level by several authors who demonstrated that numerous mechanisms occurring in the nucleolus are altered in tumors. Recently, therapeutic approaches targeting the nucleolus in cancer have started to be considered as an emerging "hallmark" of cancer and several therapeutic interventions have been developed. This review proposes an up-to-date overview of available strategies targeting the nucleolus, focusing on novel targeted therapeutic approaches. Finally, a target-based classification of currently available treatment will be proposed.
Introduction
The nucleolus is a well-characterized sub-nuclear structure, visible by microscopy inside the nucleoplasm as a distinct compartment not separated by any membrane. In late mitosis, nucleoli are assembled around tandem clusters of ribosomal genes (rDNA) called "nucleolar organizer regions" (NORs) [1, 2] . During the interphase, the nucleolus acquires a dynamic structure to accommodate its canonical molecular function: the biogenesis of ribosomes. The ribosome biogenesis is a multi-step process, functionally organized to take place in three sub-nucleolar compartments: the fibrillar compartment (FC), the dense-fibrillar compartment (DFC), and the granular compartment (GC).
Nucleolus and Cancer
The functional link between the nucleolus and cancer has been assessed by several cytological and histopathological studies. Almost all cancer types display abnormalities in their morphology and number of nucleoli [21, 22] . In some cancers, nucleolar size has been used as predictive and prognostic biomarker in chemotherapeutic treatment [21] and clinical outcomes [22] .
Numerous evidences collected over decades has demonstrated that the abnormalities in the morphology and numbers of nucleoli are the direct consequence of the over-activation of ribosome biogenesis in cancer [23] . The over-activation of ribosome biogenesis is directly dependent on the abnormal need of tumor cells to produce proteins sustaining their altered growth. Several findings showed that the molecular players taking part in the ribosome biosynthetic core-machine are over-activated in cancer rather than in normal cells, thus leading several authors to propose that cancer cells are "addicted" to the over-activation of ribosome biogenesis [20, 24, 25] . The ribosome biogenesis "addiction" is an important concept in cancer therapeutic, especially for the development of targeted-based therapies able to target specifically the above described cancer-specific molecular alteration [26] [27] [28] . Many authors have shown that in cancer cells, the altered activity of the rRNA transcriptional machinery is mechanistically the cause of ribosome biogenesis over-activation [29] . Importantly, the activity of the nucleolar-resident RNA Pol I, the main actor in rRNA precursor transcription, is frequently elevated in cancer, and RNA Pol I over-activity has been correlated with adverse prognosis in several tumors [30, 31] . For example, as reported by Bywater M.J. et al. the over-activation of rDNA transcription, mediated by the increased activity of RNA Pol I in hematologic cancers, is required for the proliferation of tumor cells [32] . Several authors have suggested that the altered activity of the RNA Pol I is not caused by genetic alteration in the RNA Pol I, but mainly by the dysregulation of the major cancer-related signalling pathways like Myc, RAS/RAF/ERK, PI3K/AKT/mTOR, p53, pRb and PTEN [20, 29, 33, 34] . In fact, a large array of information from cancer-related pathways converge on the nucleolus to regulate the ribosome production that, in turn, drives cancer growth and proliferation. The role of the cancer-related pathways in the regulation of nucleolar functions will be addressed in the following paragraphs.
However, recently, results from different groups have led to the proposal of a new concept, that of a pluri-functional nucleolus, providing evidence that the nucleolus exerts non-canonical functions independently from ribosome biogenesis [1, 13, 20] . The non-canonical role of the nucleolus in regulating a large number of cellular processes such as the maintenance, repair, and stability of the genome, the cell-cycle, cellular senescence, response to the stress, telomere regulation, and the nuclear architecture has been exploited by several authors and associated to cancer [2, [9] [10] [11] [12] [13] [14] [15] [16] .
Furthermore, the expression of several RPs has been found to be altered in human tumors such as colorectal cancer, esophagus cancer, and hepatocellular carcinoma [13, 14] . Further, the genetic alteration of genes encoding for RPs has also been detected in cancer samples, suggesting their role as oncogenes or tumor suppressors. For example, mutations in uL5 are observed in melanoma and T-cell acute lymphoblastic leukemia, and deletions or inactivating mutations of uL18 occurs in T-cell acute lymphoblastic leukemia and in multiple myeloma, melanoma, glioblastoma and breast cancers [35, 36] .
Recently, investigations mapping the nucleolar proteome have proposed that RPs and nucleolar proteins are involved in cancer-related cellular functions by sequestering in the nucleolus tumor associated key proteins [8, 37] .
Several oncogenes and tumor suppressor gene were found to be regulated by the RP-mediated nucleolar sequestering such as p53, Cdc14B, PICT1, Cyclin D1, ErbB3, GNL1, BCL-2, PCNA, RAD51, c-myc and NF-kb [13, [38] [39] [40] [41] [42] . Nucleolin, the most abundant protein in the nucleolus, was found over-expressed in several tumors [43] . At the molecular level, Nucleolin acts using an RP-sequestering mechanism by interacting with cell cycle-regulators as RPA (replication protein A) and several DNA repair proteins such as PCNA, gamma-H2AX and RAD51, thus facilitating cancer progression [44, 45] . Nucleolin exerts also a regulation control against BCL-2 by directly binding the 3 UTR of BCL-2 mRNA and interacting with 15a and 16 miRNAs, negative regulators of BCL-2 expression [46] . The nucleolar protein SCF Fbw7 , a member of SCF family of ubiquitin E3 ligases, using a similar molecular mechanism, regulates some proteins required for cancer cell proliferation like Cyclin E and MYC [47] .
A wide range of stress stimuli (radiations, oncogenes, nutrient deprivation, hypoxia, genotoxic compounds) may disrupt ribosome biogenesis and activate a complex cellular response, namely nucleolar stress. The nucleolar stress pathway activation, mediated by several nucleolar and RPs, results in cell-cycle blocking, activation of apoptosis, DNA damage and senescence. In Figure 1 , a schematic model of the nucleolar stress pathway has been proposed. Alteration of the nucleolar stress pathway is known to contribute to the development of cancer [13] .
The nucleolar stress pathway integrates several networks, some of which require the p53 activity while others are independent [13, 48] .
Several studies have elucidated the role of the p53-binding protein MDM2 (mouse double minute 2) in nucleolar stress pathway. The existence of an RNP-network complex regulating MDM2 activity has been reported [49] . The RNP-MDM2-p53 pathway is activated by stress stimuli resulting in the release of some RPs from the nucleolus to the nucleoplasm. The interaction between RPs and MDM2 results in the p53 stabilization and subsequent blocking of the cell cycle and apoptosis [13, 50] . The p53-mediated nucleolar stress pathway will be discussed in details in following paragraphs.
Figure 1.
The nucleolar stress pathway. Nucleolus can be exposed to a variety of cellular stressors that disrupt ribosome biogenesis activating a complex cellular response namely "nucleolar stress". This stress pathway is mediated by several ribosomal proteins RPs and/or nucleolar proteins and its activation results in cell cycle arrest, apoptosis, DNA damage and senescence. Dysregulation of this response is known to contribute to the development of cancer.
Emerging evidence attests to the existence of several nucleolar stress pathways not dependent on p53 involvement. Several factors participating in p53-independent networks, such as nucleophosmin 1 (NPM1), peter pan homolog (PPAN), and the p14 alternative reading frame Figure 1 . The nucleolar stress pathway. Nucleolus can be exposed to a variety of cellular stressors that disrupt ribosome biogenesis activating a complex cellular response namely "nucleolar stress". This stress pathway is mediated by several ribosomal proteins RPs and/or nucleolar proteins and its activation results in cell cycle arrest, apoptosis, DNA damage and senescence. Dysregulation of this response is known to contribute to the development of cancer.
Emerging evidence attests to the existence of several nucleolar stress pathways not dependent on p53 involvement. Several factors participating in p53-independent networks, such as nucleophosmin 1 (NPM1), peter pan homolog (PPAN), and the p14 alternative reading frame protein (p14ARF) [13] . In response to stress signalling stimuli, the above listed nucleolar proteins act by sequestering the activity of several cell cycle regulatory proteins and inhibit cell proliferation [34] . Besides from taking part to ribosomal biogenesis, NPM1 is a multifunctional protein over-expressed in many types tumors including tumors of colon, liver, stomach, ovary and prostate [51] . Recently, PPAN, an NPM1 interactor, was found to be over-expressed in embryonal and intestinal cancers constitutively active for Wnt signalling [52] . Several lines of evidence showed that p14ARF is a tumor suppressor gene and the regulator of a wide range of molecular partners-p14ARF activation is triggered by oncogenic and genotoxic stresses, resulting in DNA damage pathways and cell-cycle inhibition [40, 53, 54] .
A number of studies conducted by our group have brought to light a key role of the RP uL3 in the p53-independent nucleolar stress pathway [13, 55, 56] . Besides being a component of a large ribosomal subunit, uL3 is also a member of a subset of RPs that, as free proteins, are directly implicated in various extra-ribosomal functions that require specific mechanisms of regulation [57] [58] [59] . Further, uL3 is able to auto-regulate its own expression in combination with a complex protein network to including heterogeneous nuclear ribonucleoprotein H1 (hnRNPH1), KH-Type splicing regulatory protein (KHSRP) and NPM1 [60] [61] [62] . Free uL3 is also involved in selective gene regulation via cystathionine-β-synthase (CBS) [63] and p21 pathways [64, 65] . Moreover, uL3 acts as regulator of cancer-related signaling pathways such as NFkB pathway and ERK [66, 67] . The active ERK is essential in mediating uL3-induced p21 expression [68] . More recently, it has been shown that uL3 is a mediator of nucleolar stress induced by several chemotherapeutic drugs as 5-FU, oxaliplatin, Actinomycin D and Niclosamide in p53-mutated lung and colon cancer cells [56, [68] [69] [70] . In particular, by regulating the levels of p21 and CBS proteins, the uL3 protein is able to sensitize the resistant cells to chemotherapeutic compounds, strongly suggesting a key role in drug-response in cancer [71] .
The above described findings on uL3, and several other studies mapping the nucleolar proteome, have demonstrated the role of the nucleolus in integrating several stress signalling pathways impaired in cancer cells [13, 37] .
The nucleolar proteome and its correlation with cancer-related processes has been largely discussed above, but a great deal of attention are receiving the nucleolar non coding RNAs, such as the small nucleolar RNA (snoRNAs) and the rDNA-hosted pre-miRNA analogs (rmiRNAs) recently identified as regulators of nucleolar stress or of cancer-related genes [72, 73] . In the same way, the long non-coding RNAs (lncRNAs), another emerging class of non-coding RNAs frequently de-regulated in cancer [74] , are involved in the regulation of several both canonical and non-canonical nucleolar functions [75] .
Finally, several evidences have shown the association between rDNA stability and tumorigenesis in human cancer [9] . It is known that rDNA is an extremely variable region of the genome concerning the copy number, and tumor cells have lower rDNA copy number than normal tissue. The loss of copy of rDNA is associated with the sensitivity to drugs acting as DNA-damaging agents, thus the rDNA copy number can be used as predictive biomarker in chemotherapy [76] .
In summary, several functions have been attributed to the nucleolus. Numerous recently identified non-canonical functions have been added to the canonical and common accepted function of the site and regulator of the biogenesis of ribosomes. In the last years, several hallmark genomic and proteomic works have provided fascinating insights into the molecular associations between nucleolus and cancer. It has been showed that during tumor progression, a series of oncogenic stimuli converge at the nucleolus triggering the over-activation of the ribosome biogenesis and/or by producing alteration of nucleolar stress pathways. A growing understanding of the molecular association between nucleolus and cancer is driving the development of a new generation of anticancer drugs, specifically targeting the molecular nucleolar-related functions underlying tumor formation and progression.
Targeting Nucleolus in Cancer
Several therapeutic approaches have been developed to target nucleolus and their relevance in cancer therapeutic has been largely confirmed [20, 77] . In the subsequent sections we will provide an update on recent treatments and propose a general classification of current available compounds (Tables 1 and 2 ).
The next section presents a functional classification of drugs targeting the nucleolus in cancer. The first class of compounds includes several molecules targeting directly or indirectly the nucleolus structures or functions. To this set of first-generation compounds belong agents that act mainly by disrupting nucleolar integrity, such as rDNA intercalating, alkylating crosslinking agents, or interfering with rDNA transcription and maturation. The second and third classes of nucleolar targeting agents are composed of the inhibitors of ribosome biogenesis, to which belong RNA Pol I direct inhibitors and compounds targeting molecular signalling pathways regulating ribosome biogenesis. Chemotherapeutics and small compounds activating the p53-mediated nucleolar stress pathway constitute another therapeutic approach. Recently, nucleolar hub proteins acting by the nucleolar-sequestering mechanism have been suggested as molecular targets in therapeutic interventions. Recent works depicting the nucleolar proteome and interactome map were crucial in driving the development of new drugs targeting the nucleolus. Furthermore, the elucidation of nucleolus cancer-related functions specifically altered during cancer development will benefit the growing area of personalized medicine with new targeting approaches. This review will discuss old and novel therapeutic strategies targeting the nucleolus in cancer, focusing in particular on novel targeted approaches as a promising class of drugs for cancer therapy. In Figure 2 , a comprehensive schematic representation of currently targeting approaches is reported. 
Targeting the Nucleolar Components
DNA-alkylating agents, nucleotide analogues, and anthracyclines constitute a large class of DNA-damaging drugs, already approved for clinical use in cancer, known to exert their anticancer activity by blocking DNA replication with the consequent induction of apoptosis [78] . In particular, nitrogen mustard and its derivatives alkylate DNA on purine bases, and some of them can form 
DNA-alkylating agents, nucleotide analogues, and anthracyclines constitute a large class of DNA-damaging drugs, already approved for clinical use in cancer, known to exert their anticancer activity by blocking DNA replication with the consequent induction of apoptosis [78] . In particular, nitrogen mustard and its derivatives alkylate DNA on purine bases, and some of them can form inter-strand cross links on DNA. Alkylating-like platinum drugs, i.e., cisplatin and its platinum-based analogs form intra-strand cross links on DNA that are associated to apoptosis if not repaired. Nucleotide analogues such as the pyrimidine analog 5-fluorouracil (5-FU), and the purine analogs 6-mercaptopurine and 8-azaguanine are incorporated into DNA during the S phase of the cell cycle with the consequent block of DNA duplication and cell death. Anthracyclines act by blocking the interaction between DNA and Topoisomerase II and are also able to intercalate between bases [78] . Besides that, it is now clear that most of these drugs are also able to target the main nucleolar components causing the disruption of nucleolar structures. The following discussion will describe the above-mentioned compounds in light of their activity on targeting nucleolar components and related structures (nucleolar-resident rDNA, rRNA, RPs) ( Table 1) . Considering these activities, DNA-alkylating agents, nucleotide analogues and anthracyclines, can be classified as rRNA transcription inhibitors. Drugs such as cisplatin and oxaliplatin are able to inhibit RNA Polymerase I by forming platinum adducts with rDNA, thus creating a steric impediment to polymerase activity. It has been shown that platinum adducts are also able to bind some nucleolar proteins, including DNA repair factors, the transcription factors UBF, and the Poly ADP-ribose polymerase 1 (PARP 1), as well as HMG-domain proteins, thus interfering with their functions [37] .
Several antibiotics of the anthracycline group, such as Doxorubicin and Mitoxantrone, acting as DNA intercalators and inhibitors of Topoisomerase II activity, are in use for the treatment of a wide range of cancers, including both haematological and solid tumors [29] . Belonging to the same class, Mitomycin C is able to alkylate guanosines and crosslink rDNA followed by further blocking of the Pol I [29] .
Actinomycin D (Act D) is another potent intercalating agent in clinical use for the treatment of Wilm's tumor and several type of sarcoma. Act D binds to dsDNA especially at the 3 side of guanine residues, in the dinucleotide site GpC and consequently inhibits transcription. High doses of Act D inhibit the transcription of all RNA species. At lower concentrations, i.e., 5nM, Act D specifically inhibits RNA polymerase I driven transcription activating nucleolar stress [68, 79, 105] .
Camptothecin and analogues (Irinotecan and Topotecan), and Epipodophyllotoxins (Etoposide) are potent disruptors of nucleolar integrity by inhibiting Topoisomerase I and II, and consequently resulting in the blocking of Pol I transcription or rRNA processing [79] .
The basic chemotherapy compound 5-fluorouracil (5-FU), which is widely used in several first-line clinical approved protocols, acts by inhibiting an enzyme involved in nucleotide synthesis, the thymidylate synthase (TS), thus impairing both rDNA and rRNA synthesis. Metabolites of 5-FU act also as rRNA intercalators causing RNA damage which, in turn, leads to nucleolar stress [37, 79, 80] .
Among compounds affecting the nucleolar integrity, there are the Cdk2 (Cyclin-dependent kinase 2) and Cdk9 (Cyclin-dependent kinase 9) inhibitors. The Cdk2 inhibitors Roscovitine and Olomoucine disrupt nucleolar integrity by causing the mis-localization of unprocessed rRNAs and rRNA processing factors [81] . In the same way, the Cdk9 inhibitors DRB (5,6-dichlorobenzimidazone-1β-d-ribofurano-side) and Flavopiridol promote nucleolar disintegration by inhibiting early rRNA processing and transcription [83] . The alkaloid Flavopereirine (PB-100) has been reported to accumulate in the nucleoli of cancer cells with a potent and specific anti-proliferative activity in several cell lines [82] .
Finally, data from the literature have demonstrated that proteasome activity and nucleolus organization are linked to each other. Some proteasome inhibitors proposed as drugs or undergoing clinical trials have been reported to target nucleolar morphology and/or function. MG132, a proteasome inhibitor belonging to the class of synthetic peptide aldehydes, induces drastic changes in the localization of the nucleolar markers as NPM for granular component, fibrillarin for dense fibrillar component and UBF for fibrillar center [106] .
Ultrastructural analysis demonstrated that Bortezomib, a Food and Drug Administration (FDA)-approved PI in clinical use in mantle cell lymphoma and multiple myeloma [107] , causes morphological alterations of the nucleolar ultrastructure associated to the enrichment of the transcription factor ATF4 at nucleolar sites [108] .
Recent literature suggests that some nanoparticles (NPs) can provide a useful strategy for the direct delivery of drugs to cancer cells [69, 71, 109, 110] . In particular, some of these NPs are able to specifically target the nucleolus of various cancer cells. SiO 2 -, TiO 2 -and Gold-NPs are the most extensively NPs studied to target the nucleolus in cancer cells. It has been shown that SiO 2 -NPs are able to induce nuclear protein aggregates, in particular Top I aggregates, causing the inhibition of transcription, and consequently inhibiting cancer cell proliferation [83] . Moreover, recent works showed that TiO 2 nanoparticles conjugated with oligonucleotides specifically matching with rDNA sequences are able to accumulate in the nucleolus depleting it of rDNA, thus providing evidences that nano-drug delivery system constitutes a promising method for a nucleolar-based anti-cancer therapy [84] . Recently, Gold-NPs have been shown to disrupt the nucleolar integrity in breast cancer cell lines by affecting the nucleolar/nucleoplasmatic distribution of several proteins such as the NPM1, the RNA Polymerase I Subunit A (RPA194), the Heat Shock Protein hsp70 and O-GlcNAc-modified proteins [85] .
Finally, the anticancer activities of many small molecular compounds able to bind G-quadruplex (G4) structures in DNA have been demonstrated [86, [111] [112] [113] . G4 are nucleic acids structures, particularly abundant in the rDNA of cancer cells. Belonging to these new class of rDNA targeting compounds, the DNA aptamers and naphthalene diimides (NDIs) constitute a class of small molecules able to recognize, induce and stabilize G4 structures with high affinity with a significant potency in inhibiting breast and lung carcinoma cells proliferation [87] .
Targeting Nucleolus by Specific Inhibitors of Ribosome Biogenesis
Numerous chemotherapy-based regimens interfering with ribosome biogenesis, as a result of nuclear structure disruption, were described in the previous paragraph. As discussed before, numerous findings showing the over-activation of ribosome biogenesis in cancer have drawn attention to the targeting of this nucleolar function as a promising approach in cancer therapy [3, 20, 79] .
In this paragraph, an update on compounds directly targeting the RNA Pol I as main molecular player of ribosomal biogenesis in cancer will be reported ( Table 2 ). The RNA Pol I activity has been showed to be fundamental for cancer cell proliferation, thus suggesting to develop molecular targeted approaches to selectively inhibit its function in cancer.
The small molecule fluoroquinolone derivative CX-3543 (also referred to as quarfloxin) has been the first compound designed by Cylene Pharmaceuticals to selectively target the RNA Pol I activity. The mechanism of action of CX-3543 is based on targeting and disruption of nucleolin/rDNA G-quadruplex complexes resulting in the inhibition of Pol I transcription and in the apoptosis induction in cancer cells [88] . In phase I clinical trials CX-3543 has been shown to be well tolerated and associated with promising efficacy in patients with solid tumors [33] .
Developed by Cylene Pharmaceuticals, the small molecule compound CX-5461 belongs to the next generation of Pol I inhibitors. CX-5461 showed to selectively inhibit the RNA Pol I-dependent transcription by preventing the binding between the rDNA promoter and SL-1, the RNA Pol I transcription initiation factor [89] . Tumorigenicity studies in in vitro cancer models showed the high anti-tumor potency of CX-5461 in a large panel of cancer cells [89] . It has also been demonstrated that the anti-tumor efficacy of CX-5461 is selective for cancer cells and this activity has been also confirmed in in vivo cancer models [89] . The group of M.J. Bywater et al. using mouse transgenic models of hematologic tumors, provided evidence that CX-5461 acts by inducing nucleolar stress mediated by the p53 pathway [32] . Recently it has been demonstrated that CX-5461, in addition to inhibiting rRNA transcription, is also able to binds and stabilize G-quadruplex structures present in DNA with dramatic increase in the number of DNA damage foci in cells. The repair of G4 associated DNA damage is dependent on BRCA1/2-mediated HR and PK-mediated DNA non-homologous end joining (NHEJ pathways. Cells with mutations in genes involved in these mechanisms of DNA damage repair have shown a good response to CX-5461 treatment in in vitro drug sensitivity assays. These results suggest that CX-5461 have the ability to treat effectively tumors deficient in HR and NHEJ repair mechanisms [114] .
Finally, the results of the ongoing phase I clinical trial evaluating the efficacy and safety of CX-5461 in patients with haematological cancers will provide novel insights into the therapeutic efficacy of CX-5461, as well as on the potential of therapeutic approaches targeting ribosomal biogenesis in cancer [115] .
Several works focused on the anti-tumor effects of the group of alkaloids named ellipticine, for a long time known to act as rDNA-target agents as well as ribosome biogenesis inhibitors. Recently, it has been showed that several ellipticine, mostly the derivative 9-Hydroxyellipticine (9HE), work as specific and potent inhibitors of RNA Pol I, by blocking the interaction between the promoter recognition factor SL1 and the rDNA promoter [90] . A large number of phase I and II clinical trials have evaluated ellipticine derivatives for their efficacy in several cancers, but severe adverse side effects limited their further development [29, 90] .
By performing an high-throughput screening, the group of K. Peltonen et al. identified the small-molecule BMH-21 as selective inhibitor of RNA Pol I [116] . In particular, BMH-21 is able to intercalate into rDNA binding preferentially GC-rich regions, and to reduce RNA Pol I rDNA association. Furthermore, BMH-21 induces the destabilization and the following degradation of the largest subunit of RNA Pol I, RPA194 [91] [92] [93] . The rapid degradation of RPA194 results in cancer cell death and is not revealed in normal cells [94] . This activity is specific for polymerase I in fact, and BMH-21 does not cause alteration of RNA Pol II mediated transcription. In vitro and genetic data from yeast mutants suggest that BMH-21 treatment is associated to inhibition of RNA Pol I elongation step that active the degradation of RPA194 [94] . Finally, the involvement of BMH-21 in targeting p53-mediated nucleolar stress pathway has been showed in several cancer cell lines [95] .
Targeting Cell Signaling Pathways Functionally Regulating Nucleolus in Cancer
The major cancer-related signal transduction pathways modulate nucleolar functions by regulating the molecular players of ribosome biogenesis ( Table 2 ). The oncogenic signalling mediated by Myc, Ras/ERK, mTOR, and Akt/PKB and tumor suppressor pathways mediated by p53, Rb, ARF, and PTEN alterations converge their signals to nucleolus finely driving the activity of RNA Pol I [24] .
The oncogenic signalling RAS/RAF/ERK and PI3K/AKT/mTOR (mammalian target of rapamycin), regulate several key-players of the Pol I complex such as RRN3, UBF, and SL-1, resulting in the enhancement of rRNA synthesis in cancer [37] . Furthermore, the oncogene MYC, considered a "master regulator" of ribosome biogenesis, also induces the over-activation of rDNA transcription by affecting the RNA Pol I pre-initiation complex (PIC) formation or by up-regulating the expression of the rDNA transcription factors UBF, SL1, TIF-1A (transcription initiation factor 1A), and POLR1B (polymerase I polypeptide B) [24] . The transcriptional activity of RNA Pol I is also activated by the cell cycle regulator pathway CDK-cyclinD/INK4/pRB/E2F by phosphorylation of UBF [117] . As discussed previously, the p53 pathway, commonly accepted as a main controller in several nucleolar functions, is a negative regulator of RNA Pol I activity. P53 is able to directly interfere with the assembly of PIC by binding to SL-1 and preventing the SL-1/UBF association [118] . Moreover, a key regulator of p53, the tumor suppressor p14ARF inhibits the activity of RNA Pol I by directly altering the PIC formation and blocking the import in the nucleolus of TTF-1 (transcription termination factor 1) [53, 54] .
In recent years, several proteomics works have demonstrated that numerous onco-proteins and tumor suppressors modulate the RNA Pol I transcription such as the cell cycle check point kinase ATM (ataxia telangiectasia mutated) [119] , the kinase ATR (ataxia telangiectasia and Rad3-related protein) [120] , the DNA-dependent protein kinase DNA-PK [121] , the casein kinase CK2 [122] , the fusion protein AML1-ETO [123] , the transcription factor RUNX2 [124] and NPM1 [125] , and more recently identified netrin-1 deltaN isoform [126] , DEAD-Box Helicase 31 DDX31 [127] and the zinc finger factors ZNF545/ZFP82 [128] .
Several approaches targeting the above described nucleolar regulating pathways are in use in cancer therapeutic strategies. As anticipated before, mTOR is a master regulator of ribosomal biogenesis; two independent mechanisms of action of mTOR pathway take place through the action of two molecular players: the eukaryotic translation initiation factor 4E binding protein 1 (4EBP1) and the ribosomal protein S6 kinase 1 (S6K1).
The specific inhibitor of the mTOR pathway, including Rapamycin and the new generation 'rapalog' (rapamycin analogs), have been well-documented to act as suppressor of rDNA transcription [129] . In particular, the rapalog Everolimus, granted of FDA approval, has been introduced in clinical practice for the treatment of breast cancer and renal cell carcinoma. In a MYC-driven lymphoma pre-clinical model characterized by enhanced Pol I transcription Everolimus has showed an high potency in inhibiting the tumor growth [96] .
The oncogenic PI3K-AKT-mTOR pathway plays an essential role in regulating cancer-related processes such as the resistance to cell death, the cell cycle progression, the angiogenesis, or the metabolism. The protein kinase AKT acts upstream mTOR and regulates other downstream targets of mTOR pathway [129] , the influence of which on ribosome biogenesis has been discussed above.
Several AKT inhibitors, such as AKTi-1/2 and MK-2206, have been developed and showed a significative anti-tumor efficacy. Experiments in in vitro and in vivo models showed that their activity is mediated by repressing the rDNA transcription and inducing apoptosis [97] . Further approaches targeting other main pathways regulating the nucleolus in cancer, such as p53, will be discussed in the following paragraphs.
Targeting p53-dependent Nucleolar Stress Pathway
The p53-dependent nucleolar stress pathway is triggered by several stressing stimuli able to alter the integrity of nucleolus and negatively interfere with ribosome biogenesis leading to the accumulation of p53 (TP53) [13, 50] . Several therapeutic approaches have been developed to target the p53-dependent nucleolar stress pathway. The therapeutic strategies developed so far act by restore the tumor suppressor function of p53 in cancer (see Table 2 for a classification) [130] . The modulation of the oncoprotein MDM2 is the key downstream event of the p53-dependent nucleolar stress pathway.
Two distinct mechanisms are engaged by MDM2 to repress p53: the first and common accepted mechanism is based on the ubiquitination activity of MDM2 which directly binds p53 thus resulting in p53 proteasome-mediated degradation; a second mechanism is ubiquitination-independent and relies on the direct interference of MDM2 with the p53 transcription apparatus [50] . It has been estimated that around 50% of human cancers present mutations in p53 and 17% an aberrant MDM2 expression [131] .
For these reasons, the MDM2-p53 network has been the focal point of research in both academia and the industry to develop targeted approaches in cancer therapeutics.
A huge number of basic chemotherapy drugs have been shown to induce the p53-mediated nucleolar stress pathway. Basically, their mechanisms of action rely on DNA damage resulting in a genotoxic stress induction, in the further activation of the p53-mediated nucleolar stress pathway that leads to the inhibition of cancer cell proliferation and apoptosis [23] . Several drugs that act by targeting rDNA, such as alkylating agents, platinum-based drugs, and anthracyclines, have been discussed in the previous paragraphs (see Table 1 for a classification) [37] . In any case, this genotoxic approach causes significant complications, not being able to distinguish between tumorigenic and normal cells.
With the advent of personalized medicine, non-genotoxic therapeutic approaches to re-activate p53 in cancer have been subjected to an intense investigation in the last years [130] and several compounds have been studied both in pre-clinical and in clinical trials [18] . The major therapeutic approaches include: MDM2 antagonists, inhibitors of the MDM2-p53 interaction, MDM2 antisense targeting the MDM2 expression and inhibitors of RNA Pol I [23] .
Nutlin-1, Nutlin-2, and Nutlin-3, belonging to the Nutlins family, are small molecules, designed to prevent the MDM2-p53 physical interaction, thus further triggering the activation of p53 [98, 99] .
RG7112, a Nutlin derivative, is the first developed compound activating the p53 response. Several studies showed its anti-tumor efficacy in a huge number of in vitro and in vivo pre-clinical cancer models and in patients with liposarcoma associated to MDM2 amplification. The results of a phase I study of RG7112 in hematologic malignancies showed clinical activity against relapsed and refractory acute myeloid leukemia AML and chronic lymphocytic leukemia, but pointed out that the treatment was associated with a significative toxicity [98, 132] .
The RG7388, named Idasanutlin, is the lead of a second-generation of MDM2 inhibitors. Idasanutlin showed a significant efficacy in inhibiting the tumor growth both in vitro and in vivo. The efficacy and safety of this compound is under investigation in several clinical trials [100, 101] .
The spirooxindole-based compound MI-77301 is a small-molecule which prevents the MDM2-p53 interaction by mimicking the p53 protein structure responsible of binding to MDM2. In several tumor cell lines, MI-77301 showed a significative efficacy in inhibiting cancer cell growth and inducing p53-dependent apoptosis [101] .
Two phase I clinical trials are currently evaluating the efficacy and safety of the MK-8242, an orally bioavailable, small-molecule inhibitor of the MDM2-p53 interaction. The first study is enrolling patients with solid tumors while the second AML patients to which MK-8242 will be administered in mono-therapy or in combination with cytarabine. In vitro cancer models have previously demonstrated the potency of this compound in inhibiting cancer cell growth with an IC 50 value of 20 nM [101] .
The piperidinone-based molecular compound AMG232, able to selectively inhibit MDM2-p53 interaction, has shown a significative anti-tumor efficacy in a large panel of tumor cell lines as well as in mouse models [102] .
Among the compounds mimicking the p53 peptide structures and interfering with MDM2 interaction sites, a structure-based design has also identified the CGM097 compound as a potent MDM2 inhibitor and activator of p53. The CGM097 is a dihydroisoquinolinone derivative under investigation in a phase I clinical trial evaluating the efficacy of CGM097 in p53 wild-type patients with advanced refractory solid tumors [103] .
Three clinical studies are currently evaluating the safety, the tolerability and the pharmacokinetics of the novel potent MDM2 inhibitor DS3032b, also known as Milademetan, in patients with AML (clinical trial NCT02319369), advanced solid tumors or lymphomas (clinical trial NCT01877382), and relapsed or refractory multiple myeloma (clinical trial NCT02579824) [104] .
The HDM201 compound developed by Novartis is an imidazopyrrolidinone scaffold-based inhibitor of MDM2 which showed a significant anti-tumor activity in vitro and more efficient and better pharmacokinetic and pharmacodynamic profiles in in vivo models [104] . The phase I clinical trial NCT02143635 is currently evaluating the efficacy/safety profile of HDM201 in patients with advanced solid and haematological p53 wild type tumors.
Other MDM2 antagonists are currently under investigation in clinical trials. The phase I clinical study NCT00676910 is determining the safety and dosing of JNJ-26854165 in patients with advanced stage or refractory solid tumors [99] . At the preclinical stage, the novel MDM2 inhibitor MI-219 developed by Ascenta Therapeutics, designed to bind MDM2 in the p53-interaction sites has showed a potent and selective activity [99] .
In addition, PXN727 and PXN822, which belong to a promising new class of inhibitors of the p53-MDM2 interactions, showed a strong efficacy and good safety profile in pre-clinical models [99] .
A promising new therapeutic strategy to target the MDM2-p53 interaction is well exemplified by the mechanism of action of the compound RITA, identified by the National Cancer Institute. In fact, RITA which stands for reactivating P53 and inducing tumour apoptosis acts differently from the above described compounds, since RITA is able to directly bind p53 and prevent the MDM2 interaction. RITA has demonstrated the potential to inhibit cancer growth in several in vitro and in vivo models [99] .
Concluding Remarks
In this review, we have discussed several nucleolar functions and their implications in human cancer. Particular attention has been given to evidence that both canonical and recently emergent non-canonical functions can be efficiently targeted using several therapeutic approaches. A wide plethora of strategies has been identified and developed so far, and the classification of currently available old and emerging therapeutic strategies has been proposed in this review. Therapeutic approaches selectively targeting the components of ribosome biogenesis core complex machinery and cancer-related signalling pathways involved in ribosome biogenesis regulation have been reported to be more efficient and less toxic than older chemotherapeutic strategies based on targeting rDNA. In particular, the RNA Pol I inhibitors constitute an emerging and promising class of nucleolar-targeting agents able to selectively inhibit ribosome biogenesis over-activation in cancer cells. The completion of several clinical trials will provide more information about their efficacy and safety in the treatment of human cancer. Another promising therapeutic approach is certainly the targeting of nucleolar stress pathway. The currently available strategies able to induce the p53-mediated nucleolar stress pathway have been largely discussed. We highlighted, in particular, the inhibitors of MDM2-p53 axis as the most promising and clinically relevant approach in inducing the nucleolar stress pathway.
In conclusion, several recent works have revealed the presence in the nucleolus of different proteins that, besides their role in ribosome biogenesis, are able to control different cellular processes and, in particular, are involved with different mechanisms in the control of cell proliferation. These studies have also highlighted the implication of the RNP-sequestering mechanism in several cancer processes. Understanding the molecular mechanism by which these proteins regulate morphology, biogenesis, and functions of the nucleolus, either canonical or non-canonical, will provide an important tool for the development of new targeted therapeutic approaches in cancer Author Contributions: Conceptualization: A.R.; writing-original draft preparation: A.R., G.R., P.C.; writingreview and editing: A.R., G.R., P.C., A.P., G.P.; funding acquisition A.R., G.R.
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